Four canine coronavirus type II (CCoV-II) strains were identified in the guts and internal organs of pups which had died of acute gastroenteritis. The CCoV-II strains were strictly related to porcine transmissible gastroenteritis virus (TGEV) in the N-terminal domain of the spike protein, whereas in the other parts of the genome, a higher genetic relatedness to recent CCoV-II isolates was observed. Experimental infection of dogs with a TGEV-like isolate induced mild gastroenteritis without any systemic involvement. By virus neutralization tests, antigenic differences between reference and TGEV-like CCoVs were found. Our data support the potential recombinant origin of the TGEV-like CCoVs.
Four canine coronavirus type II (CCoV-II) strains were identified in the guts and internal organs of pups which had died of acute gastroenteritis. The CCoV-II strains were strictly related to porcine transmissible gastroenteritis virus (TGEV) in the N-terminal domain of the spike protein, whereas in the other parts of the genome, a higher genetic relatedness to recent CCoV-II isolates was observed. Experimental infection of dogs with a TGEV-like isolate induced mild gastroenteritis without any systemic involvement. By virus neutralization tests, antigenic differences between reference and TGEV-like CCoVs were found. Our data support the potential recombinant origin of the TGEV-like CCoVs.
Coronaviruses (CoVs) are able to cause a variety of different clinical forms of disease in a wide range of species (11) . Currently, they are classified into three groups based on antigenic and genetic relatedness. CoVs infecting dogs have been reported that belong to groups 1 and 2, namely, canine CoV (CCoV) and canine respiratory CoV, respectively (3) . CCoV is an enteropathogen which has been known since the early 1970s (1) and includes two different genotypes, CCoV-I and CCoV-II, with different genetic and biological properties (19, 22) . CCoV-II strains with uncommon virulence have been described (12, 13, 24) , including a pantropic variant causing systemic disease in pups (2, 4, 8) . In addition, recombinant viruses have been reported between CCoV-II and CCoV-I (12) or porcine transmissible gastroenteritis virus (TGEV) (27) . In this paper, we report the genomic, biological, and antigenic characterization of four type II CCoVs with the N-terminal domain of the S protein highly divergent from classical CCoV strains but strictly related to TGEV.
Identification of TGEV-like CCoV strains. Between December 2005 and March 2008, four dogs which had died of gastroenteritis were submitted to our laboratory for routine diagnostic investigations. The dogs were a 14-week-old great dane pup (341/05), a 10-week-old chihuahua pup (174/06), an 11-weekold mixed-breed pup (430/07), and a 13-week-old maltese pup (119/08). Dogs 174/06 and 119/08 had been imported from Hungary a few days before the onset of clinical signs. Intestinal contents and tissue samples collected from the dead dogs were tested by conventional or real-time PCR assays for the detection of the main viral pathogens of dogs as previously described (8) . CCoV was detected in the fecal samples or intestinal contents of all of the pups examined, with viral RNA titers ranging from 1.37 ϫ 10 5 to 2.38 ϫ 10 7 l Ϫ1 of template. Further genotyping by type-specific TaqMan assays (10) showed the presence of both CCoV types I and II in the guts of dogs 430/07 and 119/08, whereas the specimens from the other two dogs were found to contain only genotype II. Surprisingly, CCoV-II RNA was also detected in the internal organs of all of the dogs, albeit with variable tissue distribution (data not shown). It is noteworthy that all of the pups were positive for canine parvovirus (CPV) by real-time PCR (7) . Subsequent characterization by means of type-specific minorgroove binder probe assays (5, 6, 9) showed that dogs 341/05, 430/07, and 119/08 were coinfected with CPV-2a, whereas a classical CPV-2 (vaccinal) strain was detected in the gut of pup 174/06. The 3Ј end of the genome of the four CCoV-II strains detected in the lung samples was amplified and analyzed as previously described (8) , and the nucleotide sequences were deposited in GenBank under accession numbers EU856361 to EU856362 and EU924790 to EU924791. As expected, all of the predicted genes but open reading frame 3b (ORF3b), ORF3c, and ORF7b were preceded by the repeated intergenic sequence CTAAAC. The spike (S) protein was 1,457 amino acids (aa) long in all of the strains that were analyzed, in contrast to classical type II CCoVs and feline CoVs (FCoVs), which displayed a shorter protein (1,451 to 1,454 aa). In the S protein, the amino acid identities among the CCoV strains sequenced in this study ranged between 95.1 and 98.9%, and the identity of these strains to other type II CCoVs was only 79.9 to 82.8%. Surprisingly, a higher genetic relatedness to TGEV was found, whereas other group 1a CoVs were proven to be less related. An exceptionally high identity to TGEV was evident in the N terminus ( Table 1 ). Analysis of the other structural proteins, including the small envelope (E), membrane (M), and nucleocapsid (N) proteins, did not show atypical findings, with the exception of the E protein of strain 430/07, which was 75 instead of 82 aa long, due to a 21-nt deletion in the 5Ј end of the encoding gene. Analogously, the nonstructural proteins were conserved with respect to CCoV-II, except for a 154-nt deletion in ORF7b of strain 341/05 leading to a shorter accessory protein 7b.
By phylogenetic analysis of the full-length sequence of the S protein conducted with Mega3 (17), group 1a CoVs clustered into two main clades. The first clade included CCoV/FCoV-I, whereas swine CoVs and CCoV/FCoV-II segregated into two separate clusters within the same clade ( Fig. 1a) . Interestingly, the four TGEV-like CCoVs formed a monophyletic group within the same cluster of TGEV and porcine respiratory CoV, which was separated from other type II CCoVs. This pattern of segregation was more evident in the N terminus, where the atypical CCoVs segregated together with the old CCoV strain UCD1 within the cluster including swine CoVs (Fig. 1b ). In contrast, in the C terminus, the TGEV-like CCoVs clustered together with extant CCoV-II isolates and separately from TGEV/porcine respiratory CoV (Fig. 1c ). Analysis of the E, M, and N proteins showed a constant segregation of the TGEVlike CCoVs with typical CCoV-II strains ( Fig. 1d to f).
The partial nucleotide sequence of ORF1a and the complete nucleotide sequence of ORF1b of strains 341/05 and 174/06 (accession numbers EU856361 to EU856362) were determined with primers amplifying overlapping fragments. In total, 21,347 and 21,395 nucleotides (nt) were sequenced from strains 341/05 and 174/06, respectively, representing about three-fourths of the entire genome of group 1a CoVs. In the partial C-terminal domain of pp1ab (4,239 aa), strains 341/05 and 174/06 were 98.8% identical and displayed approximately the same identity to CCoV-II-CB/05. In contrast, less similarity to TGEV, FCoV-II, and FCoV-I was found ( Table 1 ). Analysis of the nearly full-length genome (more than 21,000 nt) confirmed the higher genetic relatedness to CCoV-II-CB/05 (95.8% nucleotide sequence identity). By a SimPlot analysis (18) , the potential recombinant origin of the TGEV-like CCoVs was evident. In fact, their genetic distance from TGEV was approximately the same as that from CCoV in the entire sequence, except at the 5Ј end of the S gene ( Fig. 2a ). By visual inspection of the S-gene alignments, the putative acceptor and donor sites involved in the double recombination between CCoV-II and TGEV were identified ( Fig. 2b) .
Biological and antigenic characterization of the TGEV-like CCoV strains. Virus isolation attempts from lung samples with canine fibroma A-72 cells (8) were successful with all TGEVlike CCoVs, except for strain 119/08, which possessed lower viral RNA titers in the internal organs and intestinal content of the dead dog. All virus isolates induced a cytopathic effect in the inoculated monolayers and were recognized by a monoclonal antibody (MAb) that bound the N protein of CCoV, FCoV, and TGEV. In contrast, no viral growth was observed when using swine testicular cells that were permissive for the reference TGEV strain, Purdue. In order to evaluate the pathogenic potential of TGEV-like CCoVs in dogs, the plaque-purified isolate from sample 341/05 was used to infect experimentally three an- tibody-defined beagle pups, whereas an additional pup served as a control. All inoculated pups shed virus with their feces during the observation period (Fig. 3) , whereas no trace of viral RNA was detected in the blood or nasal samples. Clinical signs observed in the infected dogs were indicative of a classi-cal enteric coronavirosis, consisting of mild diarrhea lasting 2 to 3 days. Neither leukopenia nor other signs of systemic involvement were observed in any infected pup.
The sera obtained from dogs experimentally infected with strain 341/05 or with the classical CCoV-II enteric strain S378 Indicated are the S-gene transcription-regulating sequence (circled number 1), the S-gene initiation translation codon (circled number 2), and the ORF1b termination codon (circled number 3). The potential acceptor and donor sequences involved in the recombination event are boxed or underlined. Blue, red, and green letters indicate nucleotides conserved among all viruses, nucleotides conserved among TGEV and TGEV-like CCoV genomes, and typical nucleotides of CCoV origin, respectively. A putative location of the acceptor site is the sequence 22-TTACTAAAC-30, which has high identity (seven out of nine nucleotides) with that present in the proposed donor site (1061-TTACTACAA-1069). Alternatively, small sequence domains present in the TGEV-like CCoVs 341/05 (1021-CTAAAT-1026) and 174/06 (1054-CTTAAT-1059) are observed in the potential donor sites that could act as a slow-down signal and promote recombination between these sequences and others with high identity that are present at the acceptor sites, such as the sequence 25-CTAAAC-30.
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NOTES 1535 on April 11, 2015 by NYU MEDICAL CENTER LIBRARY http://jvi.asm.org/ Downloaded from (10) were tested against homologous and heterologous viruses with a virus neutralization test (21) . Poor cross-protection between homologous and heterologous antibody titers was evident. In fact, in dogs infected with strain 341/05, the homologous VN titer (reciprocal of the geometric mean) was 20.16 and the heterologous titer was 6.35, whereas dogs infected with strain S378 displayed homologous and heterologous antibody titers of 40.32 and 10.08, respectively. In addition, the three TGEV-like CCoV plaque-purified isolates were characterized by using a panel of TGEV MAbs previously developed (14, 16) . The viruses reacted against three MAbs, two of which neutralize both TGEV and CCoV, whereas the third MAb had been shown to bind TGEV but not CCoV (23) . We have identified CCoVs with a potential double-recombinant origin through partial S-gene exchange with TGEV. Recombination involving the S gene has been previously described for FCoV (15) and CCoV (12, 27) . A TGEV-like CCoV, strain UCD1, has been previously reported, but only partial S-gene sequences were determined, thus preventing a complete genomic characterization (27) . In contrast, we have determined and analyzed the 3Ј end of four TGEV-like CCoVs and the nearly full-length genome of two of those strains. In addition, strain UCD1 was detected in the feces of a dog with diarrhea, whereas we detected the recombi-nant viruses in the feces/intestinal contents and in the internal organs as well.
A major mechanism driving CoV genetic evolution is represented by the high frequency of homologous RNA recombination, which is frequently mediated by a copy choice mechanism based on sequence homology flanking the recombination sites (20, 28) . In addition, the necessary discontinuous RNA synthesis required during RNA transcription to generate the subgenomic mRNAs in CoVs is associated with highly conserved sequences preceding each gene and representing a slow-down or stop signal for RNA synthesis (25) . This sequence, in the case of group 1a CoVs, is CTAAAC (26, 28) . Therefore, in the sequence domains where recombination has taken place, it is likely to be small segments of sequence identity between the donor and the acceptor sequences. In fact, observation of the sequence domains involved in the recombination event revealed the presence of segments of sequence homology (Fig. 2b) , although single well-defined crossover points could not be definitively determined.
Although the TGEV-like CCoVs were detected in the internal organs of naturally infected dogs, experimental infection failed to cause systemic involvement or virus dissemination through the blood. Thus, the CPV coinfection observed in the natural outbreaks could have played a certain role in TGEV- FIG. 3 . Results of experimental infection of dogs with a TGEV-like CCoV. Three 12-week-old beagle pups were inoculated oronasally with 2 ml of strain 341/05 (titer of 10 6.25 50% tissue culture infective doses ml Ϫ1 ) and monitored for up to 21 days for total white blood cell (WBC), lymphocyte, and polymorphocyte counts (top graph). In addition, fever, viral RNA shed in feces, and clinical scores were determined (bottom graphs). Total WBC, lymphocyte, and polymorphocyte counts are presented as percentages of the cell counts determined at day 0. Viral RNA titers as determined by real-time RT-PCR are expressed as copy numbers per microliter of template. Clinical scores were calculated as previously described (4) and are reported for each day with reference to the temperature curves.
like CCoV spreading to internal organs. In addition, the antigenic differences observed between reference and recombinant CCoVs may have some implications for prophylaxis programs, as dogs administered classical CCoV vaccines may be susceptible to infection (disease?) caused by TGEV-like CCoVs. The detection of these viruses in different time periods (at least 4 years) and geographic areas (at least Italy and Hungary) has let us to presume that TGEV-like CCoVs are effectively circulating in the dog population. Taking into account the genetic and antigenic differences between classical and recombinant viruses, we propose the further division of CCoV-II into two different subtypes, CCoV-IIa and CCoV-IIb, including reference and TGEV-like CCoV-II isolates, respectively.
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